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Abstract 
 
Phenolic compounds with antioxidant activity toward soybean-derived fatty acid methyl esters 
(SME, used as a model for biodiesel) were obtained by pyrolysis from wood (birch hardwood), 
corn stover, and lignin. The lignins were either commercially available (Indulin AT kraft lignin 
from softwood) or isolated from whole plant material by acid-dioxane extraction. Phenols were 
isolated from the crude liquid pyrolyzate by extraction with alkali. Antioxidant activities were 
determined by ferric isothiocyanate spectrometry, Rancimat induction period determination, and 
pressurized differential scanning calorimetry. Preliminary evidence with hydrocarbon diesel-
SME mixtures indicated that the mixtures differed from SME alone in their response to 
antioxidants. 
 
The total phenolic extracts from birch wood pyrolysis and kraft lignin were active antioxidants in 
all three analyses, comparable in effectiveness to the synthetic antioxidant BHT. However, many 
simple lignin-related phenolic monomers were found to have little or no activity when tested 
with SME. Chromatographic separation and analysis of the extracts indicated that the bulk of the 
activity was associated with a more complex fraction, made up principally of dimers in the size 
range of lignans, with molecular weights from 272 to 344. A model lignan, the naturally 
occurring nordihydroguaiaretic acid (molecular weight 302), was shown to have very good 
effectiveness, as good as or better than BHT. (However, it is not likely to be present in our 
extracts, based on its mass spectral characteristics.) A suggested mechanism for antioxidant 
effectiveness of lignin-like dimers was proposed based on steric effects – simultaneous hydrogen 
bonding and radical quenching. 
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A. Introduction 
 
1. Pyrolysis 
 
Pyrolysis is defined as the thermal decomposition of a complex substance in the absence of 
oxygen. Charcoal, for example, has been produced from pyrolyzed wood since antiquity. Terra 
preta, which has been made for hundreds or perhaps thousands of years, is a very dark, fertile 
soil produced by adding charcoal and manure to an infertile Amazonian soil (Lehmann et al., 
2003). 
 
Charcoal manufacture from wood has been a major industry since the Industrial Revolution of 
the 19th century, when it was produced for many purposes, including the separation of iron from 
its ores, as cooking fuel, and as a constituent of gunpowder. By-products of charcoal 
manufacture were also used; these included such distillates as wood tars, acetic acid, and 
methanol.  
  
Recently, interest in pyrolysis of various raw materials has become intense, with the realization 
that products of value can be obtained from what has formerly been regarded as wastes. Solid 
material corresponding to charcoal that is produced from biomass has now been given the name  
biochar, and the liquid distillable fraction has been designated bio-oil or pyrolysis oil.  
2. Biochars and pyrolysis oils 
 
Wood pyrolysis, accidental and deliberate, dates from time immemorial. Scientific analyses of 
the process mostly date from the last 70+ years, and are accelerating, given the recent interest in 
renewable technologies. The char fraction from wood pyrolysis has not been studied as 
extensively as the distillate, which contains such commercially useful products as methanol, 
acetic acid, and acetone together with “wood tar” or “wood creosote”. The latter (when lignin is 
used as the starting material) is a mixture of phenolic compounds of varying degrees of 
complexity. When wood is the precursor, carbohydrate-derived substances such as furfural and  
levoglucosan are also principal products in the distillate. In a representative pyrolysis study of a 
hardwood (beech), the bio-oil fraction contained 87 identifiable (by GC-MS) compounds, 
including acetic acid, levoglucosan, hydroxyacetone, and hydroxyacetaldehyde as major 
constituents derived from the carbohydrate fraction, and many derivatives of guaiacol (1) and 
syringol (2) from the lignin portion.  
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Pyrolysis of wood gives rise to products largely derived by thermal degradation of its principal 
constituents cellulose and hemicellulose, which are carbohydrate polymers, and lignin, which is   
a polyphenol. Lignins vary among plant types: grass lignins incorporate units from all three C6-
C3 derivatives (3-5); those of softwoods (e.g., pine, spruce) are mainly derived from coniferyl 
alcohol (4); and hardwood lignins contain, in addition, polymers derived from sinapyl alcohol 
(5). A type structure for lignin (6) gives an idea of the kind of linkages that form by this 
polymerization. 
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A typical pyrolysis study of lignins (Saiz-Jimenez and de Leeuw, 1984) showed that spruce 
lignin contained many phenolic compounds derived from guaiacyl residues, including guaiacol                   
itself, 4-methylguaiacol, carbonyl compounds such as vanillin (7), and phenols with extended  
conjugation such as isoeugenol (8). Kraft lignin, in addition, had homovanillic acid (9) as a 
major product. 
 
 
 
 
 
 
 
 
 
 
 
 
Patwardhan et al. (2011) showed that corn stover lignin pyrolyzed at 500°C contained, in 
addition to the usual small identifiable phenolic compounds, a significant amount of polymeric 
material corresponding in molecular weight to trimers, tetramers, and penta- and higher 
oligomers. They postulated that these compounds were formed by condensation of monomers in 
the vapor phase during pyrolysis. Liu et al. (2012) also observed a mixture of lignin dimers and 
trimers in dichloromethane-soluble and methanol-soluble fractions of a bio-oil from red pine. 
Dimers and trimers were found in fast pyrolysis oils from oak wood, as well as oligomers having 
from three to more than ten monomeric units (Mullen and Boateng, 2011). 
 
3. Phenolic antioxidants  
 
A wide variety of synthetic compounds have been used for protecting unstable materials from 
decomposition in storage or use. Rubber and plastic articles become brittle; petroleum fuels 
become unusable; foodstuffs develop off-flavors; and leather and paper objects decay. Most 
degradation in stored materials is due to reaction with oxygen, resulting in the formation of 
undesirable by-products such as peroxides, carbonyl compounds, and acids. Many synthetic 
antioxidants are phenols, such as butylated hydroxytoluene (BHT; 10), butylated hydroxyanisole 
(BHA; 11), and propyl gallate (12). Such antioxidants prevent oxidative degradation by 
deactivating (quenching) oxygenated free radicals, especially peroxyl radicals that form in the 
initial phase of deterioration. 
 
In the last thirty-five years it has been discovered that some naturally occurring phenolic 
compounds are highly effective free-radical quenchers. For example, vitamin E (α-tocopherol, 
13) reacts with peroxyl radicals at a rate which appears to be the highest of all natural phenols 
(Burton et al., 1983).  
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Work with other natural phenols, such as flavonoids, tannins, and phenolic acids, has 
demonstrated antioxidant activity in many in vivo and in vitro systems. Some of the most potent 
antioxidants that have been investigated are polyphenols – aromatic compounds with multiple 
hydroxyl groups. Examples include gallotannins from tea and certain nuts and barks, and 
condensed tannins, commonly obtained from grape seed and pine bark (Larson, 1997). 
Polyphenols also arise from the condensation of simpler phenols. Patwardhan et al. (2011), for 
example, have proposed that the larger phenols (oligomers) from lignin pyrolysis are produced 
by secondary thermal reactions of monomeric phenols in the vapor phase. 
Phenolic compounds derived from lignin decomposition have been shown in a variety of 
environments to be more or less effective antioxidants. Many of these studies have examined the 
performance of individual phenols in simple radical-quenching measurements such as electron 
spin resonance, bleaching of crocin, diphenylpicryl hydrazyl (DPPH) radical scavenging, and 
inhibited peroxidation of styrene (Uchida et al., 1996; Barclay et al., 1997; Ogata et al., 1997; 
Bortolomeazzi et al., 2006). The usefulness of some of these assays has been called into question 
because of solvent-dependent mechanism and rate effects (Xie and Schaich, 2014). In general, 
these experiments show that derivatives of syringol are superior antioxidants compared to those 
of guaiacol, but phenols with extended conjugation such as allylsyringol (14) or isoeugenol are 
also occasionally noted as highly active compounds.  
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Liquid smoke is a thermal product of distillation of wood chips or sawdust heated in the presence 
of oxygen. As such, it has many constituents in common with bio-oils (Guillen and Ibargoita, 
1999), including lignin-based monomers, dimers, and trimers. This material has exhibited 
antibiotic as well as antioxidant activity (Montazeri et al., 2013.)  
 
A few studies have implicated oligomers of lignin phenols as active antioxidants. Whether they 
are effective antioxidants for fuels such as biodiesel has not been studied. However, hints from 
the literature suggest that some of them are superior antioxidants for lard or individual 
hydrocarbons (Kurechi and Kato, 1980; Asakura et al., 2002). Barclay et al. (1997) demonstrated 
that dimers and a tetramer were more active than monomers in the inhibited peroxidation of 
styrene. Asakura et al. (2002) synthesized oligomers of phenols by treating them with 
horseradish peroxidase and found that the oligomers were better antioxidants for 
tetrahydronaphthalene but not for lard. A kinetic solvent effect may be responsible (see 
Discussion section). 
4. Biodiesel (soy methyl esters) 
 
A mixture of fatty acid methyl esters derived from lipid-rich sources such as seed oils is of 
considerable interest as an alternative fuel to conventional diesel fuel derived from petroleum. 
Designated “biodiesel,” this material has been produced on a large scale over the past ten years. 
However, several problems have precluded its general adoption, including poor storage 
properties due to its susceptibility to peroxidation. The addition of synthetic antioxidants has 
improved storage stability; however, the use of naturally occurring antioxidants may be 
preferable due to consumer concerns. 
5. Antioxidant mechanisms  
 
The usual mechanism implicated in the inhibition of lipid (and biodiesel) oxidation is that of 
chain-breaking. The initial step of oxidation of these materials is the formation of peroxyl 
radicals by the diffusion-controlled addition of oxygen to a carbon-centered radical, R·, which 
can be formed by thermal, photochemical, or metal-ion based routes: 
 
  R·  +  ·O-O·    ROO·        (A) 
 
These radicals then go on to continue a “chain reaction” by abstracting a reactive H-atom from a 
donor, RH: 
 
  ROO·  +  RH  ROOH  +  R∙      (B) 
6 
 
 
The chain-breaking inhibitor (PhOH, in the case of a phenol) acts by intercepting the peroxyl 
radical and forming a new, less reactive radical that cannot continue the chain: 
 
  PhOH  +  ROO·   PhO·  +  ROOH     (C) 
 
A second antioxidant mechanism is that of peroxide destruction. For example, certain reduced 
compounds containing sulfur or phosphorus react rapidly with peroxides ROOH, removing them: 
 
  ROOH  +  R3P       ROH  + R3P=O     (D) 
 
Other compounds that are reactive with oxidants could potentially play a role as peroxide 
destroyers. For example, the lignin-related compound homovanillic acid (HVA) is used in 
biochemistry as a reagent for detecting hydrogen peroxide (Guilbault et al., 1966). It has been 
reported to form when kraft lignin is pyrolyzed (Saiz-Jimenez and de Leeuw, 1984). 
 
The objective of this study was to isolate, identify, and characterize phenolic compounds isolated 
from biomass and investigate their potential as antioxidants for biodiesel and other types of 
renewable fuels. 
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B. Materials 
 
1. Birch wood 
 
Birch was chosen as the hardwood to be studied because its lignin is known to have a relatively 
high proportion of syringyl residues versus guaiacyl (S:G ratio) ( Ludwig, 1971; Manders, 1987). 
Syringyl compounds were expected to have better antioxidant activity based on their steric 
similarities to BHT. A supply of 1” × 5” birch planks was obtained from CU Woodshop Supply 
(Champaign, IL). The boards were chopped using a commercial chopper followed by fine 
grinding using a hammer mill with sieve sizes of 1/8, 1/16 and 1/32 of an inch, affording three 
different birch samples with varying nominal particle sizes.  
a. Organosolv method for lignin extraction 
 
Lignin was prepared from birch granules by acid-dioxane extraction (Pepper et al., 1959). Birch 
wood meal was extracted continuously with a mixture of ethanol-benzene (1:1) for 53 hours, air 
dried and finally dried to constant weight in a desiccator over CaSO4. 
Fifty grams of the extracted wood meal was added in a three-necked, one-liter round bottom 
flask fitted with a reflux condenser, a nitrogen bubbler, and a dropping funnel. The solvent 
system [400 mL of dioxane-water (9:1) containing 1.46 g of HCl] was added slowly from the 
dropping funnel. The reaction mixture was refluxed for 4 hours under nitrogen atmosphere. The 
reaction mixture turned from yellow to dark purple. The reaction mixture was allowed to cool, 
filtered with nitrogen atmosphere, and the residue was washed on the filter with a further 70 mL 
of the same solvent. The residual pulp was dried to constant weight and analyzed for residual 
content. 
The filtrate was neutralized with excess sodium bicarbonate and allowed to stand overnight. The 
liquid layer was concentrated under reduced pressure and vacuum, using a nitrogen leak, to a 
thick syrupy consistency. It was then dissolved in 50 mL of the solvent and forced under 
pressure (syringe bulb) in a fine stream under the surface of 500 mL of 1% Na2SO4 solution. The 
precipitated lignin was separated by centrifugation and decantation, washed thoroughly with 
water, vacuum filtered, washed twice with water, and finally dried to constant weight in a 
vacuum desiccator with P2O5. 
2. Lignins 
 
a. Softwood lignin 
 
The softwood lignin used was Indulin AT, a pine-derived kraft lignin (Mead Westvaco Inc., 
Richmond, VA). In addition to the guaiacol-based phenolic portion of softwood lignin, it also 
contains about 1.3% S, a residue from the pulping process (Beis et al., 2010).  
b. Birch and corn stover lignins  
 
These lignins were prepared from the source materials by the Organosolv method (Method 1a). 
From 50 g of birch wood, 6.01 g of lignin (12.0%) was obtained; from 25 g of corn stover, 3.1 g 
(12.4%) of lignin was obtained.  
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3. Chemicals 
 
Reagents used for the study were obtained from commercial suppliers in the highest available 
purity and were used as supplied. 
A mixture of soy methyl esters (SME) was provided by Columbus Foods (Des Plaines, IL). This 
biodiesel was a high quality, refined solvent grade that had been bleached and deodorized. The 
material was stored in the dark in thick-walled borosilicate glass containers without headspace 
until used. The fatty acid methyl ester composition of the product included multi-unsaturated 
compounds (methyl linoleate and methyl linolenate) together with monounsaturated (oleate) and 
saturated (stearate and palmitoleate) compounds. The relatively minor components of methyl 
elaidate and methyl stearate were also detected. The initial peroxide content of the product 
ranged from 7-30 mmoles/kg. 
4. Hydrocarbon diesel; polypropylene  
 
Polypropylene (medicine bottle oil, or MBO) was prepared by pyrolysis of PP-5 plastic 
prescription bottles. This material represents another type of renewable fuel that is unlike 
biodiesel. The liquid pyrolyzate was distilled to get different fractions (150°C, 150-275°C and 
>275°C), and these fractions were analyzed for boiling point distribution (Vardon et al., 2011, 
2012: Figure 1 ) by using a HP 5890 Series II FID gas chromatograph with a Durabond DB-HT-
SimDis GC Column by Agilent-J&W Scientific (5m × 0.53mm id, 0.15 µm film). Helium was 
used as the carrier gas. The oven temperature was initially set to 30°C and raised to 420°C at 
10°C/min and then held constant for 10 minutes. The injector volume was set to 1 µL and the 
injector temperature was oven-tracked and followed the oven temperature program. Detector 
temperature was set to 430°C. Samples were dissolved in methylene chloride (DCM) (1% w/w) 
and reference standards (1% w/w) were also dissolved in DCM. A standard sample P0052 (used 
for testing petroleum waxes) and a combination of C22, C30 and C40 alkanes were used to 
obtain the calibration curve for the SimDis column. 
A small (0.1 mL) portion of the 150-275°C fraction of the MBO was dissolved in 5 mL ethanol 
and analyzed by reverse-phase HPLC using a programmed gradient elution with 95% aqueous 
(pH 2.5) to 100% acetonitrile (Figure 2). A series of peaks, unresolved from the baseline, were 
detected in the non-polar portion. The ultraviolet (UV) spectra for these peaks showed a 
maximum at 200-205 nm and a minor absorbance at 215 nm with decreasing intensity through 
300 nm.  
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Figure 1. Boiling point distribution of MBO D2 (150-275°C) fraction. 
 
 
 
 
Figure 2. HPLC chromatogram of the diesel fraction of MBO. 
 
 
 
GC-MS analysis (Figure 3) of a ten-fold dilution in methylene chloride gave a large number of 
well-resolved peaks, all with similar spectra. Five of the major peaks were selected for further 
inspection. The masses 55, 69, and 83 were the most abundant. This series is usually indicative 
of compounds with a single double bond (i.e., alkenes). The masses 57, 71, and 85 were also 
present, which are indicative of normal chain alkanes. Molecular ions for these type of molecules 
are not stable under electron impact, therefore the parent ion is not always detected. But one 
major peak did give good spectra and also a possible molecular ion at 154 which corresponds to 
a C11H22 molecule, such as n-undecene. Literature data on the pyrolysis of polypropylene did 
identify a series of alkenes, including propene, butadiene, and methyl derivatives of C5-C11 
alkenes (Nunez Zorriqueta, 2006) 
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Figure 3. GC-MS analysis of the diesel fraction of MBO. 
 
 
 
5. Petrodiesel-biodiesel mixtures 
 
A mixture of Columbus soy methyl esters (20%) and MBO (80%, v:v) was prepared. It was 
intended to approximate a biodiesel of commerce, but without the antioxidants and other 
additives typical of the retail product. 
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C. Methods 
 
1. Pyrolysis 
 
Three birch wood particulate fractions (50 g) were thermally treated under a flow of nitrogen at 
various temperatures (350°C, 450°C, 550°C, 650°C) and at various durations (2, 4, 6 and 8 
hours). Distillate fractions (bio-oils) were collected by sequential condensation in ice and 
weighed, along with the undistilled residue (biochar). In the liquid portions, there are three 
different fractions: high-boiling (HB liquid, tar-like substance accumulated in the tube with 
boiling points ranging from 100-200°C), medium-boiling (MB liquid, the largest fraction 
consisting of water and oil with boiling points between 50-150°C) and low-boiling (LB liquid, 
oil-like but extremely low yield with boiling point less than 60°C). The amount of uncollected 
vapor (biogas) was determined by difference.  
2. Extraction of phenols 
 
Phenolic material was extracted from the organic soluble portion of a produced pyrozylate, 
following the method of Larson et al. (1979). From the middle boiling fraction, a 5 g amount was 
diluted with 20 mL dichloromethane (DCM) to obtain a clear, totally miscible solution. Liquid-
liquid extraction with 50 mL of 6% NaCl in 1 M KOH (pH 11) was used to remove the weakly 
acidic phenols into the aqueous phase. After adjustment to pH 5 (using 2 mL of 6 M HCl), the 
water portion was re-extracted two times with DCM (1:1) to partition the phenols into the 
organic solvent. 
3. Fractionation and analysis 
 
a. GC and GC-MS  
 
A gas chromatography (GC) method was developed to separate the major components of the bio-
oil. Exact volumes of the bio-oil were diluted in a suitable GC solvent, methylene chloride, 
usually by a factor of 100, and then an external standard, azobenzene, was added so that relative 
retention times could be calculated. Using an HP 5890 Series II gas chromatograph with flame 
ionization detection, splitless injections of 1 - 2 µL were made onto a J & W DB-5 capillary 
column (30 m × 0.32 mm id). Using a programmed temperature gradient of 40 - 280ºC at 
5ºC/min, with initial hold of 5 min, a good baseline separation was made. 
b. Open-tubular column chromatography 
 
The phenolic extract was eluted successively with benzene, dichloromethane and methanol on an 
open tubular silica gel (SG) borosilicate glass column to obtain a series of fractions. Two 
separate fractionations were made: SG#1 was a trial separation using only a small amount of 
sample, 10 mg to a silica gel volume of 25 mL; SG#2 was scaled up to 60 mg of sample and a 45 
mL SG volume. A total of 14 fractions were collected and characterized by HPLC and GC-MS. 
Selected fractions were tested for antioxidant activity using the Mihaljević et al. (1999) 
technique (described in section 3a). For antioxidant testing, 1 - 3 mL samples were allowed to 
evaporate in the test vials. The mass of the samples was measured and the biodiesel added. To 
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ensure solubilization, the test vials as well as the control sample (no addition) were shaken 
overnight. 
c. High performance liquid chromatography (HPLC) 
 
High performance liquid chromatography (HPLC) with ultraviolet absorbance detection was 
used to determine the components of the phenolic extracts. Solvent delivery was from a Perkin 
Elmer 250 binary HPLC pump (Perkin Elmer Corp, Norwalk, CT) with single wavelength 
detection at 220 nm (Spectroflow 757 detector, ABI Analytical, Kratos Subdivision, Ramsey, 
NJ) with output to a recording integrator (ChromJet, Spectra Physics Analytical, San Jose, CA). 
Multi-wavelength detection for recording complete absorbance spectra was made using a 
photodiode array detector (PF-1 20/20, Groton Technology, Acton MA).  
Using reverse-phase chromatography, the polar aqueous phase was passed through a C18 column 
(4.6 × 150 mm ProntosilTM ace-EPS column, Mac-Mod Analytical, Inc., Chadds Ford, PA) with 
a flow rate of 1 mL/min. The organic solvent from the extract was removed by slow evaporation 
(allowing the sample to air dry overnight) and then re-dissolved in a 1:1 addition of the mobile 
phase solvents A and B. (Mobile phase A was a mixed combination of 95% 5 mM HCl (pH 2.5) 
with 5% acetonitrile and mobile phase B was 100% acetonitrile.) Separation was made using a 
gradient elution programmed with an initial hold of 5 min at 100% A, followed by a linear 
change to 80% A in 25 min. Then there was a linear change to 50% A in 20 min, followed by a 
linear change to 0% A in 10 min. It was held at 0% for 25 min and then returned to initial 
conditions.  
Very few references exist in the recent literature for the HPLC analysis of phenolics from lignin; 
however, Burtscher et al. (1982) have published a method quite similar to ours that did 
demonstrate a good separation of methylated and methoxylated phenols. 
Semi-preparative HPLC using gradient elution on a reverse-phase column (8 mm × 250 mm 
Prontosil) was able to separate the later-eluting “dimer” portion from the apparent monomeric 
material of both collected fractions, #8 and #9, from the silica gel column separation as 
confirmed by both HPLC and GC-MS. Large volume (250 µL) injections of each fraction were 
made (x5) and the non-polar (acetonitrile) region was collected, then dried using rotary 
evaporation.  
d. Gel permeation chromatography (GPC) 
 
The size exclusion chromatography (gel permeation chromatography) analysis was conducted 
using a Waters 2414 RI detector, Styragel HR1 SEC column (7.8mm × 300mm), Waters 600-MS 
System controller connected to a 600-mulitsolvent delivery system, and 717-plus autosampler 
connected to a Dionex U120 universal interface. Octadecane, oleic acid, and polystyrene 
standards with peak molecular weights of 254.5, 282, 580, 950, 1250, 1700, 3250, and 7000 
were analyzed and their retention times obtained. Bio-oil samples (3% w/w in tetrahydrofuran, 
THF) were prepared by dissolving ~30 mg and filtering (0.45-µm Millipore PTFE) to remove 
suspended particles. The samples were analyzed with the pump flow rate of 1.0 mL/min, with 
THF as the carrier solvent and injection volumes of 50 µL. The resulting chromatographic data 
was processed using Matlab.  
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e. Simulated distillation 
 
Bio-oil samples were analyzed for boiling point distribution (Vardon et al., 2011, 2012) using a 
HT (high temperature) SimDist gas chromatography column (J&W, Agilent Corp) with FID 
detection. Simulated distillations were performed using a HP 5890 Series II FID gas 
chromatography and a Durabond DB-HT-SimDis GC Column by Agilent-J&W Scientific (5m × 
0.53mm id, 0.15 µm film). Helium was used as the carrier gas. The oven temperature was 
initially set to 30°C and raised to 420°C at 10°C/min and then held constant for 10 minutes. The 
injector volume was set to 1µL and the injector temperature was oven-tracked and followed the 
oven temperature program. Detector temperature was set to 430°C. Samples were dissolved in 
Methylen Chloride (DCM) (1% w/w) and reference standards (0.5% w/w) were also dissolved in 
DCM.  A standard sample containing a combination of polywax, D5442 (used for testing 
petroleum waxes), and a combination of C20 and C40 alkanes was used to obtain the calibration 
curve for the SimDist column. Samples were filtered (0.45 µm PTFE) to remove any suspended 
particulates. 
4. Antioxidant testing 
 
a. Mihaljević method 
 
We employed a ferric thiocyanate spectrometric method (Mihaljević et al., 1999). Peroxides in a 
test sample oxidize ferrous to ferric ions, producing a complex that absorbs in the visible region 
at 510 nm. This procedure, in our hands, was simpler and more sensitive than iodine-based 
spectrometric methods. Just prior to analysis, the peroxide reagent was prepared by combining 
equal amounts of 0.005 M FeSO4-7H2O (in 0.2 M HCl) and KSCN (3% in methanol). Because 
these two reagents are somewhat unstable, fresh solutions of each were made on a weekly basis. 
Methanol was chosen as the final diluent for the peroxide analysis after a variety of organic 
solvents were evaluated for solubilizing both the biodiesel material and the reagents. After one 
minute, absorbance readings were taken at 510 nm using a Spectronic 20 spectrometer (Milton 
Roy, Rochester, NY). To account for the variability of small amounts of peroxide in the prepared 
reagent components and solvents, a blank was always prepared and subtracted for the final 
absorbance. Based on a standard curve determination using t-butyl hydroperoxide, a molar 
extinction coefficient of 33,330 for the ferric thiocyanate complex was obtained to calculate the 
peroxide concentration. In data presentations, the peroxide values (PV) are expressed in 
mmoles/kg using the average biodiesel specific gravity of 0.85 g/mL for the conversion.  
b. Rancimat method 
 
Oxidative stability (also known as induction period, IP) was determined at 110°C using a Model 
743 Rancimat instrument (Metrohm, Riverviw, FL) according to the European Committee for 
Standards (2009) specification. 
 
c. Pressurized differential scanning calorimetry (PDSC)   
 
Experiments were performed using a personal computer - controlled PDSC Q10 thermal analyzer 
from TA Instruments (New Castle, IN). The instrument has a maximum sensitivity of 5 mV/cm 
and a temperature sensitivity of 0.2 mV/cm. A 1.5-2.0 mg sample was placed in a hermetically 
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sealed type of aluminum pan with a pinhole lid for interaction of the sample with the reactant gas 
(dry air). The controlled diffusion of the gas through the hole greatly restricts the volatilization of 
the oil while still allowing for saturation of the liquid phase with air. A film thickness of <1 mm 
was required to ensure proper oil-air interaction and to eliminate any discrepancy in the result 
due to gas diffusion limitations. The module was first temperature-calibrated using the melting 
point of indium metal (156.6°C) at a heating rate of 10°C/min. Dry air was pressurized in the 
module at a constant pressure of 1378.95 kPa (200 psi) and a scanning rate of 10°C/min was 
used throughout the experiment. 
 
5. Synthetic approaches 
 
a. Iron (III) 
 
Earlier results suggest that some dimers or higher oligomers of guaiacol might be more active 
antioxidants. We further approached this hypothesis by synthesizing such compounds from 
guaiacol and 4-methylguaiacol using the method of Schmalzl et al. (1995).  
b. Enzymatic 
 
Dimers of isoeugenol (MW 326) and 4-methylguaiacol (MW 274) are possibly present in the 
phenolic extracts of lignin pyrolyzates. There are several possible isomers, but any structure may 
have antioxidant activity. We used the procedure of Nishimura et al. (2010) based on oxidative 
coupling with horseradish peroxidase to prepare the dimers. 
c. Microwave-assisted 
 
The method of Sinha et al. (2007) was employed. In this procedure, hydroxyl-substituted 
benzaldehydes and phenylacetic acids condense in a Perkin-type reaction promoted by 
microwave radiation to give stilbenes. 
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D. Results 
 
1. Pyrolysis  
 
a. Birch wood - particle size 
 
The particle size distribution in the birch wood samples was determined on 50 g samples using 
sieves of different sizes to get the distribution shown in Figure 4. 
 
 
 
 
 
Figure 4. Particle size distribution in birch wood samples. 
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Three birch wood samples (50 g) having different nominal particle sizes were thermally treated 
under a flow of nitrogen. Yields of various fractions along with biochar and uncondensable gases 
as a function of samples of different particle sizes are shown in Figure 5. As there was not much 
difference in particle size distribution in the three samples, a very clearcut effect was not seen.  
 
 
 
 
 
Figure 5. Gas/liquid/char distribution in birch wood size fractions. 
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b. Birch wood - temperature 
 
Sample 1/16” provided the maximum amount of MB liquid; therefore, this sample was selected 
to study the effect of temperature. Figure 6 shows the effect of temperature on yields of liquid 
fractions obtained from pyrolysis of birch wood sample 1/16” at the temperatures of 350, 450, 
550 and 650°C. Temperature variation showed a considerable effect on the char/oil/gas ratios. 
The maximum amount of liquid fraction (and medium-boiling oil) was collected at 450°; at 
higher temperatures the yield of gases increased from 20 to 42%, whereas at lower temperatures 
more char formed. On increasing the temperature from 350 to 450°C, gas yields were almost the 
same, but bio-oil yield increased, which resulted in a decrease of biochar yield. On increasing the 
temperature beyond 450°C to 550 and 650°C, bio-oil yields decreased linearly, and gas yields 
increased rapidly, which resulted in a slight decrease in biochar yield. 
 
 
 
 
Figure 6. Effect of temperature on char/liquid/gas yields. 
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c. Birch wood - time 
 
Prolonging the time of heating (at 450°) seemed to have only minimal effects on the yields of the 
different fractions (Figure 7). A decrease in the high-boiling fraction was observed from 2 to 4 
hours. 
 
 
 
 
Figure 7. Effect of heating time on char/liquid/gas yields at 450°C. 
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d. Lignins 
 
Two 50-g samples of Inulin AT kraft softwood lignin (Mead Westvaco, Inc., Richmond,VA) 
were heated at 450°C for 2 hours under pyrolysis conditions. Bio-oil yields were lower (~37%) 
in lignin compared to birch wood (~55%), while biochar yields were much higher (50%) than 
birch wood samples (~22%). This led to lower gas yields (13-14%) than for birch wood (~22%). 
Ten grams of birch wood lignin sample were prepared and pyrolyzed at 450°C for 2 hours in the 
presence of nitrogen. The oil yield was not as high as observed in pyrolysis of birch wood itself. 
Biochar yield was higher (44.7%), medium- and high-boiling oil was 33%, and uncondensable 
gas remained the same (22%).  
Corn stover lignin (0.850 g) was pyrolyzed at 450°C for 1 hour. The yield of biochar was 
55.23%:  oil, 4.58%, and gases, 40.19%.  
2. Gel permeation chromatography 
 
Results are shown in Table 1 and Figure 8. In both cases, the majority of compounds elute at less 
than MW 300 and 400°C.  
 
 
 
Table 1. Boiling point distribution in simulated distillation of bio-oil samples.  
BW = birch wood, KL= kraft lignin. N2 flow 91 mL/min except where noted. 
† measurements in mm denote particle size; measurements in inches indicates bulk sieve 
* 450°C, 2hr; this sample was run with half the mass (25 g vs 50 g) as the rest of the samples 
 
Conditions 
< 
200°C 
200°C -
300°C 
300°C -
400°C 
400°C -
500°C 
500°C -
600°C 
>  
600°C 
BW (0.25-0.6mm†, 1/16”) 450°C, 
2hr 
12 41 23 18 5 01 
BW (1/8”) 450°C, 2hr  19 39 22 16 4 0 
BW (1/16”) 450°C, 2hr  22 36 21 16 4 0 
BW (1/32”) 450°C, 2hr  26 35 21 15 3 0 
BW (1/8”) 450°C, 2hr  24 35 21 16 4 0 
BW (1/16”) 550°C, 2hr  29 34 20 13 4 1 
BW (1/16”) 350°C, 2hr  38 34 18 9 2 1 
BW (1/2”) 450°C, 2hr  23 36 21 16 4 1 
BW (1/16”) 450°C, 2hr 
N2:182 mL/min 28 36 21 14 2 0 
BW (<0.25mm, 1/32”) 450°C, 
2hr  
27 38 21 13 1 0 
BW (>2mm, 1/2”) 450°C, 2hr  27 37 21 13 2 0 
KL 450°C, 2 hr  17 42 24 13 3 0 
KL 450°C, 2 hr  18 41 24 14 3 0 
BW (1/16”) 650°C, 2hr  24 36 18 12 7 3 
BW(<0.25mm, 1/32”) (25g)* 22 35 21 15 5 2 
BW (1/16”) 550°C, 2hr  25 35 19 12 6 3 
BW (1/16”) 450°C, 4hr  25 36 20 13 4 2 
BW (1/16”) 450°C, 6hr 
 
24 36 20 13 5 2 
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     BW (0.3-0.6mm) 450°C, 2 hr       BW (1/2”) 450°C, 2hr 
 
450°C, 2 hr          450°C, 2 hr (duplicate) 
Figure 8. GPC chromatograms: The top two charts are of birch wood bio-oil, the bottom two 
charts are of kraft lignin bio-oil. 
 
 
 
3. Simulated distillation 
 
Results are shown in Fig. 9 and 10 and Table 2. Kraft lignin-derived bio-oil contained more 
high-boiling material than birch wood bio-oil. 
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Figure 9. GC-FID chromatogram and boiling point distribution of birch wood pyrolysis bio-oil 
 (1/16”, 450°C). 
 
 
 
       
Figure 10. GC-FID chromatogram and boiling point distribution of kraft lignin pyrolysis bio-oil. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 100 200 300 400 500 600 700
0
0.05
0.1
0.15
0.2
0.25
GC-SimDist Baseline Correction
Boiling Point (°C)
S
ig
n
a
l 
(V
)
 
 
12072011c.cdf
0 100 200 300 400 500 600 700
0
10
20
30
40
50
60
70
80
90
100
GC-SimDist Cumulative Distribution
Boiling Point (°C)
C
u
m
u
la
ti
v
e
 S
ig
n
a
l 
A
re
a
 (
%
)
 
 
12072011c.cdf
0 100 200 300 400 500 600 700
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
GC-SimDist Baseline Correction
Boiling Point (°C)
S
ig
n
a
l 
(V
)
 
 
02082012c.cdf
0 100 200 300 400 500 600 700
0
10
20
30
40
50
60
70
80
90
100
GC-SimDist Cumulative Distribution
Boiling Point (°C)
C
u
m
u
la
ti
v
e
 S
ig
n
a
l 
A
re
a
 (
%
)
 
 
02082012c.cdf
22 
 
Table 2. Boiling point distribution in simulated distillation of phenolic extracts. BW = birch 
wood, KL= kraft lignin. All N2 flow rates were 91 ml/min except where noted. 
 
 
 
4. Characterization of phenols 
 
a. Birch wood  
 
GC-MS analysis of the phenolic fraction of birch wood bio-oil afforded a separation of the type 
shown below (Figure 11). 
 
Mass spectrometry analysis was able to confirm that the major compounds were phenols, 
primarily guaiacol (2-methoxyphenol) and syringol (2,6-dimethoxyphenol), as well as some of 
their alkyl substituted derivatives (see Table 3). 
 
Conditions < 
200°C 
200°C -
300°C 
300°C -
400°C 
400°C -
500°C 
500°C -
600°C 
> 600°C 
BW (1/8”) 450°C, 2hr 20 31 18 19 8 4 
BW (1/16”) 450°C, 2hr 18 35 18 19 7 3 
BW (1/8”) 450°C, 2hr 13 28 22 26 9 3 
BW (1/16”) 550°C, 2hr 28 39 14 12 5 3 
BW (1/16”) 350°C, 2hr 25 32 18 16 4 6 
BW (1/2”) 450°C, 2hr 20 36 16 18 6 4 
BW (1/16”) 450°C, 2hr 
N2:182 mL/min 
23 36 17 17 5 2 
BW (>2mm) 450°C,2hr 24 39 15 14 4 3 
KL 450°C, 2 hr 24 36 17 16 5 2 
BW (1/16”) 650°C, 2hr 49 24 4 4 4 15 
BW(<0.3mm 1/32”) 
450°C, 2 hr (25g) 
21 41 14 16 4 5 
BW (1/16”) 550°C, 2hr 34 41 9 7 1 7 
BW (1/16”) 450°C, 4hr 18 40 17 16 6 3 
BW (1/16”) 450°C, 6hr 21 43 15 14 5 2 
BW (1/16”) 450°C, 8hr 21 37 16 16 6 4 
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Figure 11. GC-MS trace of birch wood phenolic extract. 
 
 
 
Table 3. Compounds identified by GC-MS.  
RT 
(min) 
RRT MW major ions formula identification  
15.88 0.52 124 124,109,81 C7H8O2 guaiacol confirmed 
19.10 0.63 138 138, 123, 95 C8H10O2 4-methylguaiacol  
21.54 0.71 152 152,137, 122 C9H12O2 4-ethylguaiacol  
22.53 0.74 150 150, 135, 107 C9H10O2 4-vinylguaiacol  
23.68 0.78 154 154, 139, 111 C8H10O3 syringol confirmed 
26.08 0.86 168 168, 153, 125 C9H12O3 methylsyringol?  
28.12 0.93 182 182, 167, 107 C10H14O3 dimethylsyringol?  
29.04 0.96 180 180, 165, 137 C11H16O2 vinylsyringol?  
30.41 1.00 182 182, 152, 105 C12H10N2 azobenzene ext std 
31.29 1.03 182 182, 167, 139 C9H10O4 syringaldehyde  
32.87 1.08 196 196, 181, 153 C10H12O4 acetosyringone  
33.63 1.11 210 210, 167 C11H14O4 ??????  
50.85 1.67 334 334, 167 C18H22O6 
methyl syringol 
dimer 
 
(? – likely but not confirmed; ?????? – identification uncertain) 
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HPLC analyses (Figure 12) of the phenolic fraction provided additional confirmatory 
information. Previous work in our laboratory has shown that complex mixtures of phenolic 
compounds from a variety of plant products can be analyzed satisfactorily using reverse-phase 
chromatography. From the GC-MS data we know that the major monomeric phenols in the birch 
wood pyrolysis oil are guaiacol, syringol, and 4-methylsyringol. A variety of alkyl-substituted 
guaiacols and syringols have also been tentatively identified, such as 4-methylguaiacol, 4-
ethylguaiacol, etc., though at lower levels. Initially we observed good separation of many of the 
more nonpolar eluting peaks; however, guaiacol and syringol were not resolved. 
 
b. Lignins 
 
Pyrolysis GC-MS of the commercial kraft lignin detected only guaiacol-type compounds; neither 
syringol nor syringol-related compounds were found. This is consistent with the softwood origin 
of the material, since only guaiacyl linkages are present in the lignins of coniferous species. The 
birch-derived lignin showed the hardwood-derived material to contain more high-boiling 
compounds (Figure 13). It may be that this reflects the high content of syringyl derivatives in the 
birch product.  
HPLC extracts of the two lignins are shown in Figure 14. In the kraft sample, all peaks showed 
similar UV absorption spectra and were therefore related to the parent compound, guaiacol. The 
birch lignin extract showed more complexity in keeping with its greater content of syringol-
derived compounds. 
 
 
 
 
Figure 12. Typical chromatogram of HPLC separation of phenolic extract of birch wood 
pyrolysis oil (1: guaiacol RT = 31.8 min; 2: syringol RT = 33.2 min; 3: methysyringol RT = 41.8 
min; 4: propenylsyringol RT = 52.3 min). 
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Figure 13. Pyrolysis GC-MS total ion chromatogram of birch wood lignin (a) and kraft lignin 
(b). 
 
 
 
 
 
(a) 
(b) 
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Figure 14.  HPLC of extracts of kraft lignin (upper) and birch lignin (lower). (1: homovanillic 
acid, RT = 28.7 min; 2: guaiacol, RT = 32.0 min; 3: vanillin, RT = 32.3 min; 4: syringol, RT = 
34.0 min; 5: acetovanillone, RT = 34.8 min; 6: 4-methylguaiacol, RT = 42.2 min; 7: 4-
methylsyringol, 43.0 min; 8: propenylsyringol, RT = 52.5 min). 
 
 
 
c. Column fractions 
 
Fractions from the softwood lignin silica column were examined. Initial examination was of two 
fractions from the silica column, #5 and #8, which had shown very different behavior in the 
Mihaljević antioxidant test. For both samples, the GC-MS chromatograms gave numerous peaks. 
Using selected ion monitoring, compounds with specific masses could be highlighted. From 
fraction 8, we observed two prominent peaks that were absent from fraction 5. The first showed 
masses at m/z 137 and 182, which were diagnostic for homovanillic acid (HVA, 9). Presence of 
HVA was confirmed by injection of an authentic standard with identical spectra and retention 
time. The second showed peaks at m/z 137 and 274, indicative of a 4-methylguaiacol dimer.  
From the second SG purification, further analysis of the active fractions #8 and #9 was 
performed including a subfraction of each of these that was prepared by HPLC separation on a 
semi-prep column. GC-MS analysis revealed the presence of new late-eluting peaks and 
hypotheses for tentative structures were assigned. These are given below in Table 4. 
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Table 4. GC-MS data for the larger molecular weight compounds from silica gel fractions and 
guaiacol and 4-methylguaiacol oxidation reactions.  
Preliminary 
Compound 
Identification  
Retention 
Time 
(min)  
Major 
ions 
Base 
peak 
Molecular  
ion 
A B C D 
Acetovanillone 26.5 107, 123 151 166 +    
homovanillic acid 30.2 106. 122, 
137 
137 182 +    
NDGA 39.9 244, 259, 
287 
302 302 + + + + 
Unknown 41.4 258, 273 316 316 + +   
Diguaiacylethane 41.5 122, 215 
226 
258 274 + +   
Unknown 42.1 107, 122, 
151 
137 258 +    
dihydroguaiaretic 
acid 
42.5 272, 287, 
315 
330 330 + +   
dihydroeugenol 
dimer 
42.8 257, 272, 
287 
330 330 + + +  
Diguaiacylethane 43.3 137, 151 137 274 +    
propylguaiacol 
dimer 
43.9 301, 315, 
329 
344 344 + +   
A: Fraction #8 from silica gel column separation 
B: Subfraction of A, isolated by HPLC 
C: Product isolated from 4-methylguaiacol + Fe3+ synthesis 
D: Product isolated from guaiacol + Fe3+ synthesis 
 
 
 
d. Iron (III), enzymatic, and microwave-assisted syntheses 
 
Guaiacol was treated with a fivefold excess of ferric chloride in water at room temperature for 
one hour, resulting in a dark-colored mixture. The solid material was filtered and washed using 
vacuum filtration, yielding a black solid. Elemental analyses gave C, 65.9%; H, 4.6%; Fe, 
0.65%. The UV-visible spectrum (1 mg/mL in acetonitrile) gave maxima at 260 and 464 nm. 
HPLC analysis of the solid dissolved in acidic (pH 2.5) acetonitrile showed the presence of a 
small amount of the starting material, as well as a number of resolved, but as yet undetermined, 
product peaks. A solid sample (1 mg) was submitted to the University of Illinois School of 
Chemical Sciences (SCS) laboratory. The analysis indicated that major ions were observed at 
246, 368 which are indicative of a biphenyl-type dimer and trimer of guaiacol. GC-MS of 1 
mg/mL in methylene chloride gave guaiacol as the major peak in the total ion chromatogram, 
with a small product peak. When the solid was solubilized in the biodiesel, at 4 mg per 6 mL, it 
showed only slight antioxidant activity. 
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An oily product was also obtained from a methylene chloride extraction of the filtrate and 
washings. The methylene chloride was removed by rotary evaporation leaving a viscous deep 
brownish-orange oil. By HPLC, it was found that a major portion of the unreacted guaiacol was 
in this oil, as well as a possible diphenoquinone peak (comparison to UV with a known standard 
of coerulignone, 15) and a major peak in the “dimer” region of the chromatogram. When added 
to SME biodiesel (19 mg/6 mL), the sample had good antioxidant activity. 
Likewise, 4-methylguaiacol was also reacted with ferric chloride. Elemental analysis showed: C, 
67.6%; H, 5.1%, Fe 0.12%. Electron ionization (EI) MS by SCS of 1 mg solid gave major ions 
for the starting material, as well as ions at 260, 300 and 446. 
GC-MS of 1 mg/mL in methylene chloride gave methylguaiacol as the major peak, but also two 
small product peaks. 
Of special note, the product peaks for both guaiacol and 4-methylguaiacol found by GC-MS 
analysis were also detected in the two fractions, #8 and #9, submitted for analysis. However, 
biphenyl-type dimers were not found by GC-MS. 
An attempt was made to synthesize guaiaretic acid, a lignan related to NDGA, which has been 
reported to be a dimer of isoeugenol (Hearon and Macgregor, 1955). Using the method of Zhao 
and Lercher (2012), isoeugenol was treated with a slight molar excess of FeCl3 in an ethanol-
water solution and allowed to react at 4°C for 7 days. This yielded a red precipitate which when 
filtered and washed gave pink, needle-like crystals. Reverse-phase HPLC analysis using a 
gradient separation showed only a small amount of isoeugenol remained (RT = 32 min) and 
amajor peak with approximately 90% of the total peak area (RT = 44 min). Low resolution EI-
MS on the SCS time-of-flight instrument gave a molecular ion of 326 and a spectrum that 
matched a different dimer product, dehydrodiisoeugenol (16). 
 
 
 
 
 
 
Isoeugenol (0.534 g) was dissolved in 100 mL of deionized H2O with warming. After cooling, 
the pH of the solution was 5.0. Nine mg of horseradish peroxidase was added along with 7.5 mL 
of 3% hydrogen peroxide. The solution was analyzed via TLC at different time intervals. 24 
hours later, the solution was filtered. The solid was left to dry at room temperature for 24 hours. 
 4-Methylguaiacol (0.493 g) was similarly treated. The reaction mixture was analyzed via HPLC. 
The data showed four main products, none of which were starting material.  
TLC analysis of both product mixtures showed that the reactions were complete after 30 
minutes. Both mixtures were analyzed in the Mihaljević oxidation assay and found to be very 
poor antioxidants.   
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Vanillin and phenylacetic acid were reacted in the presence of 1-methylimidazole, piperidine, 
and polyethylene glycol 200 under microwave radiation for 10 or 60 minutes. The mixture was 
then cooled and acidified with HCl and extracted with ethyl acetate. The organic layer was 
separated, dried over sodium sulfate and vacuum distilled to give the crude product, which 
contained the expected stilbene, 3-methoxy-4-hydroxystilbene (17). 
Vanillin and homovanillic acid were reacted in the presence of 1-methylimidazole, piperidine, 
and polyethylene glycol 200 under microwave radiation for 10 or 60 minutes. The mixture was 
then cooled and acidified with HCl and extracted with ethyl acetate. The organic layer was 
separated, dried over sodium sulfate and vacuum distilled to give the crude product; 
diguaiacylethene (18) appeared to be present by GC-MS which showed a compound having MW 
272. 
 
 
 
             
 
 
5. Antioxidant activity 
 
a. Total phenolic extracts 
 
Biodiesels usually contain antioxidants in amounts that are given as 200-500 “ppm”, which in 
the case of the commonly used BHT would approximately equal 1-2.5 mM. We used it as a 
reference compound at 5 mM, or around 1000 ppm. 
We observed considerable antioxidant activity in the extracted phenolic portions of the bio-oil. 
We showed that birch bio-oil contained a large number of phenolic compounds including the 
simple monomers guaiacol, syringol, and 4-methylguaiacol, as well as numerous higher-
molecular weight compounds that appeared to be dimers and larger compounds. Experiments 
with soy methyl esters demonstrated that none of the small, identifiable compounds had 
significant antioxidant activity when tested with the Mihaljević et al. (1999) peroxide assay. 
However, when the total phenolic extracts of bio-oils were evaporated, causing the partial loss of 
monomeric phenols, the residues all demonstrated excellent antioxidant properties. Figure 15 
shows the results for birch wood phenols pyrolyzed under two different conditions and, for 
comparison, the commercial kraft lignin (Indulin AT) phenolic fraction.  
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Figure 15. Antioxidant activities of evaporated wood phenolic fractions. 
 
 
 
The phenolic extract from the bio-oil was in methylene chloride, which had to be removed before 
it was added to the SME biodiesel. Samples were evaporated by air-drying or by rotary 
evaporation at room temperature. Small portions of the biodiesel were added to the residual 
material remaining after the evaporative step, but only a small amount of the residue readily 
dissolved in the biodiesel. Physical agitation, such as using a Burrell wrist-action shaker for 24 – 
72 hours, increased the solubility somewhat, but not all dissolved. It was determined that a 
considerable loss (~80%) of the monomeric phenols had occurred, leaving more of the suspected 
oligomeric phenols solubilized in the biodiesel, as shown by HPLC of the before- and after-
evaporation samples. 
b. Rancimat results  
 
Antioxidant activity was also evaluated using the Rancimat method (Table 5). 
c. PDSC results  
 
The onset temperature (OT, °C) and signal maximum temperature (SMT, °C) of oxidation were 
calculated from the exotherm in each case and are shown in Table 6. 
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Table 5. Induction period for biodiesel blend samples by Rancimat (EN 14112). 
Sample Name Induction Time, h Average, h Std. Dev 
 
SME Only 
 
4.41 
 
4.3 
 
 
0.1 
 
4.32 
4.27 
SME + BW (<0.25mm) 450°C, 2hr 
9.58  
9.5 
 
 
0.1 9.47 
9.56 
SME + BW (1/16”) 450°C, 8hr 
10.77 
10.8 0.1 10.76 
10.90 
 
 
 
Table 6. Oxidative stability of biodiesel blend samples by PDSC. 
Sample Oxidative Onset 
Temperature, 
°C 
Average, 
°C 
Std. 
Dev. 
Signal Max 
Temperature,°C 
Average, 
°C 
Std. 
Dev. 
SME Only 
171.14  
169.8 
 
1.5 
194.77  
195.0 
 
0.8 
170.05 195.88 
168.09 194.34 
SME + BW 
(<0.25mm) 
450°C, 2hr 
183.78  
182.9 
 
 
0.8 
197.86  
197.9 
 
1.0 
182.67 196.90 
182.32 198.80 
SME + BW 
(1/16”) 
450°C, 8hr 
183.27  
184.0 
 
0.6 
201.03  
199.4 
 
1.4 
184.50 198.81 
184.18 198.40 
 
 
 
Statistically significant differences were observed between control (SME only) and the two birch 
wood phenolic extracts. In the case of IP (Rancimat), all three samples provided results that were 
statistically different from each other (Table 5). In the case of OT, SME was statistically 
different from the other two samples, but these two samples did not differ significantly from each 
other (Table 6).  
d. Individual phenols – catechols, guaiacols, syringols 
 
The Mihaljević et al. (1999) method was used to determine the antioxidant efficacy, or lack 
thereof, of the major, as identified by GC and HPLC analyses, monomeric phenols. 
Commercially available authentic standards of a variety of lignin-type phenols were obtained and 
dissolved in a SME biodiesel at 0.005 M concentrations in addition to the positive control, BHT. 
A typical run to monitor the buildup of peroxides is illustrated in Figure 16. After 110 hours of 
heating at 60°C, BHT, as expected, was the most effective antioxidant, preventing 80% of 
peroxide buildup. The phenols had only slight activity (4-28%); guaiacol was apparently the 
most effective. However, at 140 hours, all birch wood phenols had lost their protective activity. 
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Figure 16. Antioxidant activity of some birch wood monomeric phenols. 
 
 
 
e. Column fractions – semi-preparative HPLC  
 
Eluted fractions from the silica gel column were tested (Table 7). Preliminary identification of 
some of the monomeric material, as determined by analytical HPLC, is included.  
Large volume (250 µl) injections of fractions 8 and 9 were made (x5) onto a semi-preparative 
size HPLC column and the non-polar (acetonitrile) region was collected, then dried using rotary 
evaporation yielding approximately 5 mL at 0.4 mg/mL concentration. Three milliliters of each 
subfraction was then dried in the testing vial and dissolved in 6 mL SME biodiesel, for a test 
concentration of 1 mg/6 mL and compared with 1 mM BHT (equivalent to 1 mg BHT/6mL), as 
shown in Figure 17. 
The results indicated that neither subfraction had much effect on peroxide formation for the first 
100 hours of exposure. However, after that point both subfractions displayed activity, and the 
fraction 9 subfraction appeared to halt further peroxide production even as the BHT continued to 
show an increase. A possible reason for the effect is that some of the compounds in that fraction 
are peroxide destroyers, reacting more rapidly with hydroperoxides (ROOH) than peroxyl 
radicals (ROO·), and only become effective at higher concentrations of ROOH. 
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Table 7. Antioxidant activity of silica column fractions. 
Fraction # 
Antioxidant 
evaluation 
Components identified by HPLC 
1   
2   
3 No effect Alkylated guaiacols (methyl, ethyl, etc) 
4 No effect Alkylated guaiacols 
5 Pro-oxidant Phenolic aldehydes 
6 No effect  
7 No effect Phenolic aldehydes 
8 Anti-oxidant 
Methylguaiacol, 
Trace of phenolic aldehydes 
9 Anti-oxidant Homovanillic acid, guaiacol 
10 Anti-oxidant Guaiacol 
11   
12  Guaiacol 
13   
14 Anti-oxidant  
15 Anti-oxidant  
16 Slight anti-oxidant  
 
 
 
 
 
 
Figure 17. Peroxide formation in SME containing non-polar subfractions of silica gel fractions  
# 8 and #9. 
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Homovanillic acid (HVA) has been previously identified from pyrolysis of kraft lignin (Saiz-
Jimenez and de Leeuw, 1984). Using GC-MS in this current study, it was observed to occur in 
column fraction #8, which had antioxidant activity, but much less in fraction #5, which was pro-
oxidant. Attention was focused on this substance because of its known reactivity with oxidants to 
produce a fluorescent dimer (Guilbault et al., 1966; Ebermann and Couperus, 1987; Duenas et 
al., 2011). We hypothesized that HVA might contribute to the antioxidant effect of bio-oil by 
acting as a peroxide destroyer, unlike the different antioxidant mechanism attributed to 
polyphenols (radical quenching). However, when we tested the hypothesis by using HVA alone, 
there was only a slight antioxidant effect (although it was concentration-dependent). It remains to 
be shown whether HVA or another potential peroxide-destroying compound from pyrolysis oil 
has any role in helping to inhibit biodiesel peroxidation. 
f. Nordihydroguaiaretic acid (NDGA) 
 
From the GC-MS analysis (Table 4), compounds having molecular weights of 302, 316, and 330 
were observed. These are almost certainly dimers of C6-C3 fragments and are possibly related to 
derivatives of the known lignans (NDGA, 19, molecular weight 302) and its mono- and di-
methyl derivatives. NDGA has been isolated from the creosote bush and is a known antioxidant. 
Its dimethyl derivative (meso-dihydroguaiaretic acid, 20, molecular weight 330) is also a natural 
product, isolated from nutmeg and other sources. It was isolated from the Chinese medicinal 
plant, Schisandra glaucescens and found to have excellent antioxidant activity in two radical-
scavenging assays (Yu et al., 2014). 
 
                
 
       
 
 
 
 
 
  
The loss of methyl groups from guaiacol during the dimerization to form NDGA may be 
explained by the known tendency of phenolic methyl ethers to lose methyl groups during heating 
(Vane and Abbott, 1999). 
A commercial NDGA standard (from Alfa Aesar) was evaluated for antioxidant activity in the 
SME biodiesel (Figure 18). It had comparable or better protection than the positive control, 
BHT, and only a 20% loss, as determined by HPLC analysis. 
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Figure 18. Peroxide inhibition by NDGA in SME.  
 
 
 
However, standards of NDGA that were prepared in ethanol did yellow over a period of several 
days and when scanned spectrophotometrically (Beckman DU7400), a new maximum at 419 nm 
was observed, although product peaks were not found in the HPLC analysis, either by isocratic 
or gradient separation methods. Rapid loss of NDGA did occur when the ethanol stock solutions 
were diluted in deionized water. This loss has also been observed by several researchers, 
including a note by Billinsky and Krol (2008) who postulated a dibenzocyclooctadiene 
rearrangement product. 
g. MBO-SME mixtures 
 
SME and MBO are completely miscible. Phenolic compounds were solubilized in SME and then 
diluted with MBO. Initial concentration of the phenolic was 25 mM in the SME with a final 
concentration of 5 mM in the MBO-SME, with two exceptions. The solubility limit of NDGA in 
SME is 6 mM; for disyringol, the limit is 1 mM. Correspondingly in the MBO-SME 8:2 mixture, 
the concentration of NDGA was 1.2 mM and disyringol was 0.2 mM. In the mixture of MBO 
and SME, NDGA was still an effective antioxidant (despite its lower concentration:  Figure 19). 
Interestingly, the dimer of syringol, which was previously found to be ineffective in SME alone, 
was highly effective in the mixture despite its low solubility. 
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Figure 19. Antioxidant effect of NDGA and disyringol in MBO-SME.  
 
 
 
The results for isoeugenol, eugenol, and 4-methylguaiacol are shown in Figure 20; eugenol (but 
not isoeugenol) was shown to be approximately as effective as BHT at the same concentration. 
However, 4-methylguaiacol seemed to have slight prooxidant activity. Each compound tested 
was at 5 mM.  
Catechol (21), the simplest of the expected lignin phenols (and one found to be present in various 
lignin-derived bio-oil samples; deWild et al., 2012), was tested in both mixtures. It appeared to 
be a potent antioxidant in the SME-only mixture, comparable to BHT, but results with the 8:2 
mix were inconsistent. The finding is interesting because other lignin-based phenolic monomers 
have been found in this project to be inactive antioxidants and the catechol-containing dimer 
NDGA was so effective. Quite recently, it was found that catechol was a highly effective 
antioxidant for biodiesel fuels and blends (Botella et al., 2014). 
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Figure 20. Antioxidant activity of phenolic compounds in MBO:SME.  
 
 
 
Antioxidant activity with MBO alone was also studied. As received, the MBO had very low 
levels of peroxides (PV = 0.15 mM). Several phenolic compounds that had previously been 
evaluated in SME were used in a trial that contained only MBO. Two compounds, NDGA and 
disyringol, had extremely limited solubility in the MBO; the initial preparations were centrifuged 
and only the clear supernatant was used. Oxidation of the MBO was very slow, but did increase 
so that a general trend could be observed (see Figure 21). HPLC analysis could not confirm the 
concentration level of NDGA or disyringol. Disyringol and also guaiacol were previously found 
to be ineffective antioxidants in SME but experiments suggest that they are much better in an 
MBO-SME mixture. The positive control, BHT, was an excellent antioxidant. 
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Figure 21. Antioxidant effect of phenolic compounds in MBO. 
 
 
 
h. Prooxidant aldehydes 
 
We showed in previous research studies (Asthana et al., 1992) that the terpenoid aldehyde, citral (22), was 
able to exert toxicity to strains of E. coli in the presence of light due to reaction of its derived free radicals 
with oxygen and further reaction to produce hydrogen peroxide. It is not certain that this reaction could 
 
 
 
 
 
 
 
occur in the absence of light. The observed prooxidant activity of the phenolic aldehydes from our 
column fractions does not seem to have previously been reported; however, Anderson and 
Huntley (1964) note that some carbonyl compounds related to sugar degradation products had 
dramatic prooxidant effects in vegetable oils. They hypothesized that, as in the case of citral, 
such compounds may have been converted to unstable free radicals that added molecular oxygen 
to form peroxyl radicals capable of initiating chain reactions. Atmospheric scientists have long 
known that acyl radicals such as CH3CO· rapidly add molecular oxygen to form peroxyacyl 
radicals, CH3CO-OO·, which have been implicated in photochemical smog formation (Tuazon et 
al., 1991). 
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E. Discussion 
 
1. Pyrolysis oils 
 
Previous work on thermal degradation of lignin and wood samples has indicated various types of 
dimers and higher oligomers are present. For example, Guillen and Ibargoita (1999) noted many 
presumed lignin-derived dimers and trimers from wood smoke. Their mass spectra showed 
molecular ions consistent with guaiacol-guaiacol (Gu-Gu) or guaiacol-syringol units, or fragment 
ions typical of guaiacyl or syringyl groups. The detailed structures of these compounds are 
largely conjectural, since few reference materials of this type are available. Known compounds 
with molecular weights of 302, 316, and 330 that are consistent with a lignin origin might 
include diguaiacylalkanes such as Gu-(CH2)4-Gu C18H22O4, (divanillylethane) MW 302. This 
compound was identified in pine wood smoke (Simoneit et al., 1993). 
2. Kinetic solvent effects 
 
The inability of the smaller monomeric phenols to significantly inhibit the autooxidation of 
biodiesel can perhaps be explained as a consequence of the kinetic solvent effect (KSE: Howard 
and Ingold, 1964; Amorati and Valgimigli, 2012). Briefly, this concept has been used to explain 
the observed decrease in inhibition of peroxidation by phenols in polar, hydrogen-bonding 
solvents relative to nonpolar, nonhydrogen-bonding solvents. Phenols are postulated to be 
noncovalently attracted to an acceptor solvent and to become unavailable for reaction with free 
peroxyl radicals. The ester functionalities of biodiesel could act as bonding groups for the lignin-
derived monophenols, whereas dimers and trimers might have phenolic groups that would be less 
accessible and therefore more able to react effectively. In the case of the observed activity of 
NDGA, we postulate that one catechol group binds to the ester, leaving the other free to accept 
radicals formed at the 9-peroxyl site of linolenic acid (Figure 22). 
 
 
  
 
 
 
 
 
 
 
 
Figure 22. Proposed mechanism of the antioxidant effect of NDGA. 
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The hypothesis that an ester antioxidant requires a hydrogen-bonding site and a radical-
quenching site has potential for explaining inhibition of other radical mechanisms such as 
rancidity of emulsions (containing triglycerides) and biomembrane damage. It is possible that for 
a given autooxidizing fatty acid ester, there is an optimum geometry between a hydrogen 
bonding site and a radical quenching site. Podloucká et al. (2013) described a similar situation in 
which a complex lignan, argenteane, was able to penetrate into a membrane bilayer and inhibit 
lipid peroxidation more effectively than a simpler phenolic compound that was equally effective 
in DPPH radical scavenging. 
This hypothesis was tested in a hydrocarbon-based diesel and a mixed biodiesel/conventional 
diesel mixture, in which the KSE would be expected to be minimal. The results were consistent 
with the theory of kinetic solvent effects in antioxidant activity, as proposed by Jha and Pratt 
(2008), who estimated a kinetic solvent enhancement of approximately 90 for the reaction of a 
peroxyl radical with the phenolic antioxidant, α-tocopherol, in a nonpolar solvent (hexane) 
versus an ester solvent (ethyl acetate). KSE may also be an explanation for the inactivity of 
homovanillic acid (HVA), a potential peroxide destroyer, in the biodiesel assay. HVA hydrogen-
bound through either its phenolic or carboxylic acid functionality to polar ester groups might be 
inaccessible to peroxides formed during biodiesel oxidation. Again, there possibly could be 
better activity observed in a less polar substrate, but this was not tested. 
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F. Recommendations 
 
1. Extension to lubricants 
 
Recent changes in the market for automotive and aeronautical fuels and lubricants have led to 
increased interest in additives and other materials with favorable performance characteristics. 
The requirements are difficult to achieve using conventional fossil-fuel products, and industry is 
turning to more advanced substitutes. In other cases, potential shortages of conventional oils 
have promoted conversion to renewable products. Synthetic oils such as diesters have properties 
that are superior in some respects to petroleum-derived lubricants. In each case, however, the 
substitutes are more susceptible to oxidative deterioration. This fact has led to research directed 
toward discovery of improved antioxidants for these products. Our work on lignin-derived 
phenols might be a promising area for research. 
 
2. Examination of potential dimers – syntheses 
 
Our studies with biodiesel have shown that simple phenolic monomers were ineffective 
antioxidants. However, the catechol-containing dimer, nordihydroguaiaretic acid, was extremely 
active and led to a hypothesis which postulates that a biodiesel antioxidant requires a hydrogen-
bonding site and a more distant radical-quenching site. To test the hypothesis, several catechols 
having hydrogen-bonding moieties at differing stereochemical distances from a radical-
quenching site could be tested to determine an optimal distance between the two.  Initial 
experiments might be done with a single easily oxidizable compound such as methyl linolenate. 
Then, an attempt would be made to find naturally occurring catechols that mirror the optimal 
geometry. The first complex oxidizable substrate could be biodiesel. A second would be flaxseed 
oil, a more readily oxidized unsaturated triglyceride fatty acid product similar to the industrial 
drying oil, linseed oil. 
One group of catechols will be α, ω-bis-(3,4-dihydroxyphenyl)alkanes, in which the catechol 
units are linked at their p-positions with alkyl groups having different chain lengths. The purpose 
of this part of the study would be to determine the optimal steric difference between the two 
catechol groups. A second group of compounds will be naturally occurring catechol derivatives, 
including lignans, flavonoids, and other substances having different types of oxygenated 
functional groups that would serve as hydrogen-bonding sites. 
3.  Economic considerations 
 
An overarching question, which is difficult to assess now, concerns the relative costs and 
benefits to be gained by using antioxidants derived from renewable sources versus those 
synthesized from petroleum. The value to society may or may not be perceived as worth the 
presumably increased initial expense of new antioxidants of natural origin. The matter remains to 
be evaluated in the future. 
42 
 
  
43 
 
G. References 
 
Amorati, R. and L. Valgimigli. 2012. Modulation of the antioxidant activity of phenols by non-
covalent interactions. Org. Biomol. Chem. 10:4147-4158. 
 
Anderson, R. H. and T. E. Huntley. 1964. Pro-oxidant effect of some carbonyl compounds in 
vegetable oils. J. Amer. Oil Chem. Soc. 41:686-688. 
 
Asakura, K., E. Honda, S. Matsumura, and K. Kuwada. 2002. Polymeric antioxidants. V. Ortho-
methylene bridged and direct-linked sesamol oligomers. J. Oleo Sci. 51:97-102. 
 
Asthana, A., R. A. Larson, K. A. Marley, and R. W. Tuveson. 1992. Mechanisms of citral 
phototoxicity. Photochem. Photobiol. 56:211-222. 
 
Barclay, L. R. C., F. Xi, and J. Q. Norris. 1997. Antioxidant properties of phenolic lignin model 
compounds. J. Wood Chem. Technol. 17:73-90. 
 
Beis, S. H., S. Mukkalama, N. Hill, J. Joseph, C. Baker, B. Jensen, E. A. Stemmler, M. C. 
Wheeler, B. G. Frederick, A. van Heiningen, A. G. Berg, and W. J. DeSisto. 2010. Fast pyrolysis 
of lignins. BioResources 5:1408-1424. 
 
Billinsky, J.L. and E.S. Krol. 2008. Nordihydroguaiaretic acid autoxidation produces a 
schisandrin-like dibenzocyclooctadiene lignan. J. Nat. Prod. 71:1612-1615. 
Bortolomeazzi, R., N. Sebastianutto, R. Toniolo, and A. Pizzariello. 2006. Comparative 
evaluation of the antioxidant capacity of smoke flavoring phenols by crocin bleaching inhibition, 
dpph radical scavenging, and oxidation potential. Food Chem. 100:1481-1489. 
 
Botella, L., F. Bimbella, L. Martin, J. Arazuo, and J. L. Sanchez. 2014. Oxidation stability of 
biodiesel fuels and blends using the Rancimat and PetroOXY methods. Frontiers Chem. 2, 
#43:1-9. 
 
Burton, G. W., L. Hughes, and K. U. Ingold. 1983. Antioxidant activity of phenols related to 
vitamin E. Are there chain-breaking antioxidants better than α-tocopherol? J. Amer. Chem. Soc. 
105: 5950-5951.   
       
Burtscher, E., H. Binder, R. Concin and O. Bobleter. 1982. Separation of phenols, phenolic 
aldehydes, ketones and acids by high-performance liquid chromatography. J. Chromatogr. 
252:167-176. 
deWild, P. J., W. J. J. Huijgen, and H. J. Heeres. 2012. Pyrolysis of wheat straw-derived 
organosolv lignin. J. Anal. Appl. Pyrolysis 93:95-103. 
Duenas, M., F. Surco-Laos, S. Gonzalez-Manzano, A. M. Gonzalez-Paramas, and C. Santos-
Buelga. 2011. Antioxidant properties of major metabolites of quercetin. Eur. Food Res. Technol. 
232:103-111. 
44 
 
Ebermann, R. and A. Couperus. 1987. A nonenzymatic method for determination of hydrogen 
peroxide and organic peroxides. Anal. Biochem. 165:414-419. 
European Committee for Standards. 2009. EN15751 – fatty acid methyl esters and blends with 
diesel fuel. Belgium. 
Guilbault, G. G., D. N. Kramer, and E. Hackley. 1966. A new substrate for fluorimetric 
determination of oxidative enzymes. Anal. Biochem. 165:414-419.        
 
Guillen, M. D. and M. L. Ibargoitia. 1999. GC/MS analysis of lignin monomers, dimers and 
trimers in liquid smoke flavourings. J. Sci. Food Agric. 79:1889-1903. 
 
Hearon, W. M. and W. S. Macgregor. 1955. The naturally occurring lignans. Chem. Rev. 
55:957-1068. 
Howard, J. A. and K. U. Ingold. 1964. The inhibited oxidation of styrene. Part IV. Solvent 
effects. Can. J. Chem. 42:1044-1056. 
 
Jha, M. and D. A. Pratt. 2008. Kinetic solvent effects on peroxyl radical reactions. Chem. 
Commun. 1252-1254.  
Kurechi, T. and T. Kato. 1980. Studies on the antioxidants. XI. Oxidation products of 
concomitantly used butylated hydroxyanisole and butylated hydroxytoluene. J. Amer. Oil Chem. 
Soc. 57:220-223. 
Larson, R. A. 1997. Naturally occurring antioxidants. Lewis Publishers, Boca Raton, FL. 195 pp. 
 
Larson, R. A., T. L. Bott, L.L. Hunt and K. Rogenmuser. 1979. Photooxidation products of a fuel 
oil and their antimicrobial activity. Environ. Sci.Technol. 13:965 – 969. 
 
Lehmann, J., N. Kaempf, W.I. Woods, W. Sombroek, D.C. Kern, and T.J.F. Cunha. 2003. 
Classification of Amazonian dark earths and other ancient anthropic soils, Chapter 5. Pp. 77-102, 
in Amazonian dark earths: origin, properties, and management, (eds J. Lehmann, D. Kern, B. 
Glaser & W.I. Woods). Springer, Dordrecht.  
 
Liu, Y., Q. Shi, Y. Zhang, Y. He, K. H. Chung, S. Zhao, and C. Xu. 2012. Characterization of 
red pine pyrolysis bio-oil by gas chromatography-mass spectrometry and negative-ion 
electrospray ionization Fourier transform cyclotron resonance mass spectrometry. Energy Fuels 
26:4532-4539. 
 
Ludwig, C. H. (1971). Magnetic resonance spectra. Ch. 8, pp. 299-344, in Lignins: occurrence, 
formation, structure and reactions. K. V. Sarkanen and C. H. Ludwig, eds. Wiley-Interscience, 
New York. 
 
Manders, W. F. 1987. Solid-state 13C NMR determination of the syringyl/guaiacyl ratio in 
hardwoods. Holzforschung 41:13-18. 
 
Mihaljević, B., B. Ktusin-Razem, and D. Razem. 1999. The reevaluation of the ferric 
45 
 
thiocyanate assay for lipid hydroperoxides with special considerations of the mechanistic aspects 
of the response. Free Radical Biol. Med. 21:53-63. 
 
Montazeri, N., A. C. M. Oliviera, B. H. Himelbloom, M. B. Leigh and C. A. Crapo. 2013.  
Chemical characterization of commercial liquid smoke products. Food Sci. Nutr. 1:102-115. 
 
Mullen, C. A. and A. A. Boateng. 2011. Characterization of water insoluble solids isolated from 
various biomass fast pyrolysis oils. J. Anal. Appl. Pyrol. 90:197-203. 
 
Nishimura, R. T., C. H. Giammanco, and D.A. Vosburg. 2010. Green, enzymatic syntheses of 
divanillin and diapocynin for the organic, biochemistry, or advanced general chemistry 
laboratory. J. Chem. Educ. 87:526-527. 
Nunez Zorriqueta, I.J.N. 2006. Pyrolysis of polypropylene by Zeigler-Natta catalysts. Ph.D. 
Thesis  (Universität Hamburg). 
Ogata, M., M. Hoshi, K. Shimotohno, S. Urano, and T. Endo. 1997. Antioxidant activity of 
magnolol, honokiol, and related phenolic compounds. J. Amer. Oil Chem. Soc. 74:557-562. 
 
Patwardhan, P. R., R. C. Brown, and B. H. Shanks. 2011. Understanding the fast pyrolysis of 
lignin. Chem. Sus. Chem. 4:1629-1636. 
 
Pepper, J. M., P. E. T. Baylis, and E. Adler. 1959. The isolation and properties of lignins 
obtained by the acidolysis of spruce and aspen woods in dioxane-water medium. Can. J. Chem. 
37:1241-1248. 
 
Podloucká, P., K. Berka, G. Fabre, M. Paloncyovna, J.-L. Duroux, M. Otyepka, and P. Trouilas. 
2013. Lipid bilayer membrane affinity rationalizes inhibition of lipid peroxidation by a natural 
lignan antioxidant. J. Phys. Chem. B117:5043-5049. 
 
Saiz-Jimenez, C. and J. W. de Leeuw.1984. Pyrolysis-gas chromatography-mass spectrometry of 
isolated, synthetic and degraded lignins. Org. Geochem. 6:417-422. 
 
Schmalzl, K. J., C. M. Forsyth, and P. D. Evans. 1995. The reaction of guaiacol with iron (III) 
and chromium (VI) compounds as a model for wood surface modification. Wood Sci. Technol. 
29:307-319.  
Simoneit, B. R. T., W. F. Rogge, M. A. Mazurek, L. J. Standley, L. M. Hildemann, and G. R. 
Cass. 1993. Lignin pyrolysis products, lignans, and resin acids as specific tracers of plant classes 
in emissions from biomass combustion. Environ. Sci. Technol. 27:2533-41.  
Sinha, A. K., V. Kumar, Ab. Sharma, An. Sharma, and R. Kumar. 2007. An unusual, mild and 
convenient one-pot two-step access to (E)-stilbenes from hydroxyl-substituted benzaldehydes 
and phenylacetic acids under microwave activation: a new facet of the classical Perkin reaction. 
Tetrahedron 63:11070-11077. 
46 
 
Tuazon, E. C., W. P. L. Carter, and R. Atkinson. 1991. Thermal decomposition of peroxyacetyl 
nitrate and reactions of acetyl peroxy radicals with NO and NO2 over the temperature range 298-
313 K. J. Phys. Chem. 95:2434-2437. 
 
Uchida, M., S. Nakajin, S. Toyoshima, and M. Shinoda. 1996. Antioxidative effect of sesamol 
and related compounds on lipid peroxidation. Biol. Pharm. Bull. 19:623-626. 
 
Vane, C. H. and G. D. Abbott. 1999. Proxies for land plant biomass:  closed system pyrolysis of 
some methoxyphenols. Org. Geochem. 30:1535-1541. 
Vardon, D. R., B. K. Sharma, J. Scott, G. Yu, Z. Wang, L. Schideman, Y. Zhang, and T. 
Strathmann. 2011. Chemical properties of biocrude oil from the hydrothermal liquefaction of 
Spirulina algae, swine manure, and digested anaerobic sludge. Bioresource Technol. 102:8295-
8303. 
 
Vardon, D.R., B.K. Sharma, G.V. Blazina, K. Rajagopalan, and T.J. Strathmann, 2012. 
Thermochemical conversion of raw and defatted algal biomass via hydrothermal liquefaction and 
slow pyrolysis. Bioresource Technol. 109: 178-187. 
 
Xie, J. and K. M. Schaich. 2014. Re-evaluation of the 2,2-diphenyl-1-picrylhydrazyl free radical 
(DPPH) assay for antioxidant activity. J. Agric. Food Chem.62:4251-4260. 
 
Yu, H.-Y., Z.-Y. Chen, B. Sun, J. Liu, F.-Y. Meng, Y. Liu, T. Tian, A. Jin and H.-L. Rian. 2014. 
Lignans from the fruit of Schisandra glaucescens with antioxidant and neuroprotective 
properties. J. Nat. Prod. 77:1311-1320. 
Zhao, C. and J. A.Lercher. 2012. Upgrading pyrolysis oil over Ni/HZSM-5 by cascade reactions. 
Angew. Chem. 51:5935-5940 
